but still more than two orders of magnitude higher compared to the values obtained for U(VI) and Np(V). This discrepancy is attributed to the partial reduction of Pu(VI) to Pu(IV) during sorption.
Introduction
The final storage of high-level nuclear waste will be performed in deep geological formations. Besides other pos-sibilities, argillaceous rocks are considered as potential host-rock formations in several European countries (Belgium [1] , France [2] , Germany [3] , and Switzerland [4] ) due to their favorable physical properties regarding radionuclide retention (e. g., high sorption capacity, low hydraulic conductivity). With respect to long-term storage, especially the actinides are of particular interest. Among these, the transuranium elements (Np, Pu, Am) will be the main contributors to the radiotoxicity of the waste material after storage periods > 10 000 years [5] . Uranium as a matrix element of spent nuclear fuel will be the most abundant actinide element in the nuclear waste. Therefore, a detailed knowledge of the geochemical behavior of the actinides, including the different interaction processes with the surrounding host rock and the aquifer (e. g., sorption, diffusion, solubility, complexation with (in)organic ligands) regulating the actinide retention, is indispensable for an accurate safety assessment. Under environmental conditions, the actinides can occur in aqueous solutions in different oxidation states (III-VI). Whereas americium and thorium are redox-stable elements (Am(III), Th(IV)), uranium and neptunium have two relevant oxidation states under repository conditions (U(IV/VI), Np(IV/V)). The most complicated geochemical behavior is associated with plutonium, which can be present simultaneously in four different oxidation states (III, IV, V, VI).
Besides the oxidation state, the actinide speciation is also determined by inorganic (hydroxide, carbonate, sulfate, etc.) and organic (e. g., humic substances) constituents of the pore waters. Furthermore, the interaction of the actinide species with the geological formation is strongly dependent on the characteristics of the investigated environmental systems (pH, h , ionic strength, partial pressure of CO 2 , temperature, etc.) and the physical and chemical properties of the different minerals present in the host rock formation. The influence of these parameters on the uptake of the elements by minerals is quantified by the distribution coefficients ( d values).
In the present study, the sorption behavior of Th(IV), U(VI), Np(V), Pu(III/IV/VI), and Am(III) is investigated by batch sorption experiments using Opalinus Clay (OPA) as a reference material for natural clay currently investigated as a possible host rock formation for highlevel nuclear waste in Switzerland. The clay used origi-nates from the rock laboratory Mont Terri (Switzerland). The distribution coefficients are determined from sorption isotherms using synthetic Opalinus Clay pore water (pH ≈ 7.6, ≈ 0.4 M) [6] as background electrolyte. In addition, the present work is part of an extensive study with the aim to combine macroscopic studies (batch experiments) with spectroscopic investigations to obtain molecular-level information on the sorption mechanisms, to define source terms, and to understand transport and retardation processes in a deep geological repository with clay formations as host rocks.
In the literature, various studies are found treating the sorption of Th(IV) [7, 8] , U(VI) [8] [9] [10] , and Np(V) [11] [12] [13] [14] on OPA as a function of different experimental parameters (e. g., pH, ionic strength, partial pressure of CO 2 , influence of humic acid, temperature, etc.). However, up to now no sorption data for americium and plutonium on OPA have been published. More sorption studies have been reported for the uptake of actinides by pure clay minerals, that are the main constituents of OPA (e. g., montmorillonite [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] , illite [32] [33] [34] [35] [36] [37] [38] [39] [40] , kaolinite [31, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , the cation exchange capacity was equal to 10 ± 4 meq/100 g for both powders [9, 11] . The mineral composition and the content of the trace elements of the used OPA measured by X-ray fluorescence analysis are given elsewhere [11] . More information about the main physicochemical characteristics of Mont Terri OPA, such as composition, microstructure, surface area, surface charge, etc. can be found in [4] . In general, OPA from Mont Terri mainly consists of different sheet silicates composed of kaolinite, illite, illite/smectite mixed layers, and chlorite (> 65%). Quartz and calcite are constituents at about 10%. In addition to these main fractions, about 4%
iron(II)-containing minerals (pyrite and siderite) as well as traces of albite, feldspars, and organic carbon are contained in OPA [4] .
Chemicals
All chemicals were at least of analytical grade or better and were obtained from Merck (Germany) or Fluka (Switzerland 
Analytical methods

Batch experiments/sorption isotherms
The sorption of Th(IV), U(VI), Np(V), Pu(III/IV/VI), and Am(III) on OPA was investigated by batch experiments. Sorption isotherms were either obtained at constant element concentration and varying solid-to-liquid ratio ( / ratio) of 2-20 g/L (Th(IV), Pu(III/IV/VI), Am(III)) or varying actinide concentration at constant / ratio (15 g/L) (U(VI) and Np(V)). All OPA suspensions were prepared in synthetic OPA pore water (pH ≈ 7.6, ≈ 0.4 M) [6] were contacted with the clay by shaking for 60 h. During this time, the pH of the solutions was checked twice, and, if necessary, readjusted. After the contact time, the solid and liquid phases were separated by centrifugation at 81 000 for one hour (Avanti J-30I Beckman Coulter, USA). The actinide uptake was determined by -ray spectroscopy, LSC or ICP-MS as described before analyzing the supernatants in relation to a blank solution containing the corresponding radionuclide without clay. For the LSC measurements of Th, the supernatants were stored for more than 3 months until the short-lived daughters of 228 Th were in equilibrium. The effect of actinide sorption on the walls of the centrifuge tubes was also determined (max. up to 5% at / ratio of 2 g/L) and taken into account in the calculation of the sorption.
During the sorption experiments at pH 7.6 under aerobic conditions the h was +350 ± 25 mV (SHE) in the suspensions with the aerobic OPA powder. At this h value Pu(IV) is expected to be the dominating Pu species in solution [28] . In the case of anaerobic conditions, lower h values of −60 ± 25 mV (SHE) were measured in the suspensions prepared with anaerobic OPA powder. At this h value and pH 7.6, Pu(III) and Pu(IV) can coexist as shown in the Pourbaix diagram for Pu by Runde et al. [28] . According to this diagram, Pu will be stabilized in oxidation states V and VI under oxidizing conditions ( h > +300 mV). Under reducing conditions (−205 mV), as in undisturbed OPA, Pu is expected to be predominantly present as Pu(III) [54] . The other actinides are present only in one oxidation state in aqueous solution under environmental aerobic conditions, namely as Th(IV), U(VI), Np(V), and Am(III).
A convenient measure for the sorption is the distribution coefficient ( d (m 3 /kg)) which is defined as: 
Results and discussion
Chemical speciation
The uptake of the actinides by the clay is affected by competing complexation reactions with ligands present in the OPA pore water. In addition, the measured d values for the sorption should not be influenced by actinide precipitation due to oversaturation of the aqueous phase. Therefore, we performed speciation calculations for the different actinides under the experimental conditions of this study.
A comparison of the speciation of the different actinides in synthetic OPA pore water is difficult as some particular species (especially ternary species) have only been observed and characterized for specific actinides (e. g., Th(OH) 3 
Ca 2 UO 2 (CO 3 ) 3 (aq)). However, the speciation of Th(IV), U(VI), Np(V), Pu(III), Pu(IV), Pu(VI), and Am(III) in synthetic OPA pore water has been calculated using the geochemical equilibrium speciation software Visual MINTEQ V. 3.1 [55] . The thermodynamic data for the complexation of these elements with hydroxide, carbonate, sulfate, and chloride included in our calculation were those given in Visual MINTEQ, NEA-TDB, and Bernhard et al. for Ca 2 UO 2 (CO 3 ) 3 (aq) [28, [56] [57] [58] [59] [60] .
In the case of Np(V) and U(VI), which were investigated over a wide concentration range, the speciation has been calculated for the maximum and minimum actinide concentrations. The calculated aqueous speciation of the different actinides in synthetic Opalinus Clay pore water is shown in Table 1 (species < 1% are neglected). In general, the actinide speciation under the given experimental conditions is determined by hydroxo and carbonate species or ternary species including OH − and CO
2−
3 . Np(V) is the only exception, in this case the uncomplexed NpO + 2 is the dominating species. Besides the aqueous speciation, the saturation indexes with respect to solid actinide phases were calculated for the systems studied. Within calculation accuracy and thermodynamic data precision, no oversaturation was predicted for Th(IV), U(VI), Np(V), Pu(III/IV/VI), and Am(III) solutions at the experimental equilibrium concentrations. Figure 1 shows the sorption isotherm of Np(V) where the amount of sorbed Np (mol/kg) is plotted as a function of Np equilibrium concentration (mol/l). The line in Figure 1 in the log-log plot represents a linear sorption behavior with a slop of 1.01±0.01. According to Eq. (2), the intercept is log( d /L/kg) = 1.65 (±0.09) and the related d value is equal to 0.04 ± 0.01 m 3 /kg.
Sorption isotherms
In our previous study, the influence of the / ratio (2-20 g/L) on Np(V) sorption under ambient CO 2 at pH 7.6 and at a constant Np(V) concentration of 8 × 10 −6 mol/L has been investigated [14] . Similar to the sorption isotherm of Np(V), the sorption of U(VI) was investigated using the same procedure as described above varying the U(VI) concentration between 1.6 × 10 As known from literature [15, 39] , a linear correlation exists between the surface binding constants for the strong and weak sites of clay minerals and the corresponding constants for the hydrolysis of the aqueous species, i. e., the so-called linear free energy relationship (LFER). The higher metal uptake observed for Th(IV), Pu(III), and Am(III) compared to U(VI) and Np(V) is in agreement with the tendency of these actinide ions toward hydrolysis.
In the case of Pu(VI), which sorbs significantly stronger than U(VI), a partial reduction of Pu(VI) to Pu(IV), is expected at h +350 mV and pH 7.6. This might be a possible reason for the higher sorption on OPA. Furthermore, our XAFS investigations in the system Pu(III, IV, V, VI)/OPA (not shown here) show that Pu(IV) is the dominating sorbed species on OPA, independent on the initial Pu oxidation state (Pu(III), Pu(IV) or Pu(VI)) and the aerobic/anaerobic conditions during sample preparation.
Conclusions
The sorption behavior of Th(IV), U(VI), Np(V), Pu(III/IV/VI), and Am(III) on OPA in synthetic OPA pore water at pH 7.6 was found to be strongly influenced by the oxidation state of the actinide element. Batch experiments (sorption isotherms) with U(VI) and Np (V) showed that the d value of the actinides in pore water is independent of the / ratio of OPA. indicating a weak sorption on OPA under the chosen experimental conditions. Due to probably partial reduction of Pu(VI) to Pu(IV), the Pu(VI) sorption on OPA is found stronger compared to U(VI), but weaker than for the triand tetravalent actinides. The present study points out that tri-and tetravalent actinides will be immobilized in the OPA host rock, whereas the retention of pentaand hexavalent actinides is much weaker. In the case of plutonium redox-processes play an important role influencing the mobility of Pu(VI).
The distribution coefficients determined in this study will be added to the databases which are necessary to describe the migration behavior of the actinides in the geosphere.
